to manually emasculate due to their small size. Immersion of the tassel in 50°C water for 5 min is a commonly used technique to destroy viability of most, if not all pollen of the proposed female parent (Heinz and Tew, 1987) .
Sugarcane breeders have debated the advantages and disadvantages of polycross breeding (Berding et al., 2004) . When only a few tassels are available from highly desirable parents, breeders are often faced with the decision to either make very few biparental crosses or intersperse the tassels in a polycross resulting in greater number of genetic combinations and higher seed production. The polycross, however, lacks genetic control with complete loss of paternity information among the progeny. Therefore, the vast majority of breeders in sugarcane breeding programs around the world rely primarily on biparental crosses. With the advent of microsatellite DNA markers, also known as SSR, it is possible to determine the pedigree of progeny from polycross in other horticultural (Buteler et al., 2002; Hwang et al., 2002) and forestry crops (Fernandes et al., 2008; Hansen and Kjaer, 2006; Moriguchi et al., 2005; Nikkanen et al., 2000) .
The SSR markers are short DNA fragments that contain various numbers of tandem repeat units of di-, tri-, or tetra-nucleotide motifs (Edwards et al., 1991; Polymeropoulos et al., 1991) . They are ubiquitous and highly polymorphic, owing to mutations aff ecting the number of repeat units. The hypervariability of SSRs among related organisms makes them informative and an excellent choice of markers for a wide range of applications. For sugarcane, about 221 primer pairs were designed under an International Sugarcane Microsatellite Consortium project based on microsatellite-harboring genomic sequences of two sugarcane cultivars (Cordeiro et al., 2000) . An additional 35 primer pairs were also developed based on a private sugarcane EST database (Cordeiro et al., 2001) . Two preliminary evaluation studies proved that some of these SSR markers were suitable for sugarcane molecular genotyping and genetic variability assessment . A more extensive evaluation of 262 SSR markers was conducted on representative U.S. sugarcane clones. Out of these, 67 were found to be highly robust and polymorphic (Pan, 2006) .
The objectives of this study were to demonstrate that the paternity of polycross progeny can be determined by using polymorphic SSR markers and to determine the eff ect of selfi ng on progeny performance in the fi eld.
MATERIALS AND METHODS

Polycross, Seed Germination, Seed Production, and Seedling Transplanting
A polycross was set up in an isolation cubicle on 2 Oct. 2004 at Houma, LA, involving one tassel each of seven elite parents. All seven tassels were collected at the stage when about one-third of their fl orets had reached anthesis. Florets that had reached anthesis were clipped off of each of the seven tassels when the polycross was set up. The parents were cultivars 'HoCP 96-540' (Tew et al., 2005) , 'L 99-226' 'L99-233' (Gravois et al., 2009) , and experimental clones Ho 94-856, HoCP 01-520, Ho 01-564, and HoCP 02-610. All of these parents had been genotyped with 21 SSR markers (Pan et al., 2007) . At the time of polycross setup, the "sex" of these parents was visually rated [scale of 0-9 where 0 = no pollen (strict female), 5 = moderate pollen, and 9 = abundant pollen (strong male)], with the aid of a dissecting microscope (Table 1) . Fourteen days after the polycross was set up, a cloth bag was placed over each tassel to prevent seed from mixing with those of neighboring tassels. The seeds were harvested 35 d after crossing. Seed processing, germination, and seedling transplanting were conducted according to Dunckelman and Legendre (1982) . Viable seeds per gram were obtained by germinating 0.5 g seed and counting the number of seedlings 2 wk after germination. The total viable seed production for polycross families Poly 94-856, Poly 96-540, Poly 99-226, Poly 99-233, Poly 01-520, Poly 01-564, and Poly 02-610 was 2890, 5410, 1350, 2340, 1410, 1850 , and 2800, respectively. We transplanted a portion of this seed to seedling trays in the greenhouse in February 2005. Seedlings were planted in the fi eld in April 2005 (Table 2 ) following the standard procedure described in Bischoff and Gravois (2004) .
High-Throughput DNA Extraction
Before fi eld transplanting, 30-mm 2 pieces of leaf tissue from the youngest fully expanded leaves of 87 individual seedlings from each parent were excised using pairs of fi ne-tip scissors and forceps and were placed into individual wells of a 96-well microtiter plate. The tips of scissors were dipped in 70% ethanol and fl amed briefl y between each leaf sample collection. The remaining nine wells were controls, of which seven contained leaf tissue from each of the seven parents, one contained leaf tissue from the industry's leading cultivar, LCP 85-384, as the positive control, and one contained equal volumes of the denaturing and neutralization buff ers as the negative control. DNA samples were extracted from the leaf tissue by adding 50 μL of a freshly prepared denaturing buff er (100 mM NaOH and 2% Tween-20) to each well followed by incubating at 95°C for 10 min. After chilling on ice and a brief spin-down, 50 μL of a neutralization buff er (100 mM Tris-HCl and 2 mM EDTA) were added to each well and mixed to neutralize the extraction buff er (Pan et al., 2007) .
Simple Sequence Repeat Markers, Polymerase Chain Reaction, GeneScan, and Data Analysis Seven SSR markers, namely, mSSCIR66, SMC1604SA, SMC278CS, SMC31CUQ, SMC334BS, SMC336BS, and SMC597CS, were chosen on the basis of (i) showing polymorphism among the seven parents and (ii) being equally eff ective for all samples included on the same 384-well genotyping plates. These SSR markers were developed by the International Consortium of Sugarcane Biotechnologists based on the genomic DNA sequence of sugarcane cultivars, and the primer sequences are listed in Table 1 of Pan (2006) . The 5' end of the forward primers calibrated against the RoxTM 500 size standards. The resulting electrophoregrams were read manually. An SSR allele was defi ned as a true, unique "plus-adenine" DNA fragment that produced a measurable fl uorescence peak during the CE; other DNA fragments that showed measurable, yet inconsistent, fl uorescence peaks during CE such as "stutters", "pull-ups", "dinosaur tails", or "Minus-adenine" were not scored (Pan, 2006; Pan et al., 2003) . The SSR alleles were arbitrarily named using the last three digits of the SSR marker, followed by their sizes, except for T and D, which represent a distinctive cluster of peaks amplifi ed only by Ho 94-856. For any clone, the presence of an SSR allele was given a score of "1" while a "0" indicated its absence.
Molecular Classifi cation of Polycross Progeny
Polycross progeny were classifi ed as hybrids, selfs, or off -types based on their SSR profi le. A progeny was considered to be a hybrid if it inherited SSR allele(s) specifi c to both parents. If it only possessed markers attributable to the female parent, it was scored as a progeny from self-pollination. If it possessed alleles that were not found in either parent, it was classifi ed as an offtype or contaminant .
Polycross Family Survival and Yield
Polycross seedlings were maintained in the seedling nursery and clipped in the fall of the fi rst year following standard cultural practices as outlined by Dunckelman and Legendre (1982) . The following spring after the initial fi eld transplanting, the percent was labeled with one of three fl uorescent phosphoramidite dyes, FAM, HEX, or TET (Applied Biosystems, Foster City, CA). The polymerase chain reaction (PCR) and fragment analyses were conducted following a high throughput procedure described in Pan et al. (2007) , in which a Hamilton's Microlab Star Liquid Handling Station with a 96 probe head and eight independent pipette channels (Hamilton Company, Reno, NV) was used to prepare PCR and capillary electrophoresis (CE) samples. The PCR reaction volume was 5 μL, 0.25 μL of high throughput-DNA sample, 0.5 μL of 10X Buff er, 0.3 μL of 25 mM MgCl2, 0.1 μL of 10 mM dNTPs, 0.41 μL each of 3 pM μL -1 forward and reverse primers, 0.5 μL of 10 mg mL -1 BSA-V, 0.5 μL of 100 mg mL -1 PVP-40, 0.025 μL of 5u μL -1 Taq, and 2.0 μL of PCR water. The PCR reactions were conducted on a DNA Engine Tetra (Bio-Rad Laboratories, Hercules, CA) under the program of 95°C for 15 min, 40 cycles of (94°C for 15 s, annealing for 15 s, and 72°C for 1 min), fi nal extension at 72°C for 10 min, and holding at 4°C. Annealing temperatures varied with SSR markers (shown in Table 1 of Pan, 2006) .
The PCR-amplifi ed SSR DNA fragments were separated along with the size standards Rox 500 through CE on an ABI3730 Genetic Analyzer, also called a GeneScan or fragment analysis process, following manufacture's instructions (Applied Biosystems, Inc., Foster City, CA). The CE-based separation processes were recorded automatically into individual GeneScan fi les. The GeneScan fi les were processed automatically with GeneMapper 3.0 software (Applied Biosystems, Inc., Foster City, CA) through which the size of SSR DNA fragments (peaks or alleles) were The "sex" of these parents was visually rated (scale of 0-9 where 0 = no pollen (strict female), 5 = moderate pollen, and 9 = abundant pollen (strong male)). ‡ Progeny with nonparental alleles were classifi ed as contaminants. Ho 94-856 498 10 99 4.0 † Determined based on a subset of 87 progeny per polycross. ‡ Single-blind scores ranged from 1 to 9, where 1 = extremely vigorous, 5 = average, and 9 = extremely weak, based on plant height, stalk number, stalk diameter, and freedom from disease and insect damage.
of seedlings that survived the winter was rated within each of the seven polycross families in April 2006 based on a scale of 1 to 9, where 1 = extremely vigorous, 5 = average, and 9 = extremely weak. At the time of selection in the fall of the second year, these polycross seedlings, along with all other seedlings, were visually evaluated largely on the basis of plant height, stalk number, stalk diameter, and freedom from disease and insect damage, and were selected by a team of breeders. The coeffi cient of determination (R 2 ) between estimated frequency of selfi ng and seedling survival through the winter was determined using the PROC REG procedure in SAS (SAS Institute, 2003) .
RESULTS
Simple Sequence Repeat Genotyping of Parents
The seven SSR markers produced a total of 57 alleles from the seven parents; all but six alleles (shown with gray background) were polymorphic (Table 3 , upper parent section). An example of the distribution of SSR alleles produced by the SMC336BS among the seven parents is shown in Fig.  1 . The SSR markers SMC336BS, SMC597CS, SMC334BS, mSSCIR66, SMC1604SA, SMC278CS, and SMC31CUQ produced 12, 10, 5, 5, 5, 10, and 10 alleles, respectively. Fifteen alleles (shown with an underline in Table 3 ) were produced by one parent only. In addition, four alleles (336-173, 336-174, 597-179, and 1604-123) that were not observed in any of the parents were produced by a few progeny (Table 3) . Table 3 , lower progeny section, shows the number of polycross progeny from each parent that produced the specifi c SSR allele. Of the 87 progeny of HoCP 96-540 that were tested with the SSR marker SMC336BS, 2, 32, 51, 4, 86, 53, 0, 0, 18, 54, 5, and 18 progeny produced the specifi c alleles 336-142, 336-154, 336-166, 336-167, 336-169, 336-171, 336-173, 336-174, 336-175, 336-177, 336-183 , and 336-T, respectively. In the case of parent-specifi c alleles, it was observed that a majority of the parent's progeny produced the respective parent-specifi c allele (Table 3 , lower portion). In the above example, 51 of 87 (59%) progeny of HoCP 96-540 produced allele 336-166, an allele that was specifi c to HoCP 96-540. For SMC336BS, the same was true for the high representation of allele 336-142 (unique to HoCP 02-610) among progeny of HoCP 02-610 (59%), and of allele 336-167 (unique to L 99-233) among progeny of L 99-233 (61%), and the far lesser representation of these alleles in progeny of other parents. Lastly, the six monomorphic alleles (336-169, 597-164, 334-147, 1604-112, 278-168, and 31-165) were found in at least 72% of all polycross progeny, regardless of parent.
We were able to positively detect the paternal parent of 91% of all the progeny that were evaluated in this study. However, there was a diff erence in discriminative ability depending on the maternal parent. For example, we were only able to positively identify the paternal parent of 79% of 'Ho 94-856 × poly' progeny. On the other hand, we were able to positively identify 99% of 'L 99-226 × poly' progeny. The seven clones involved in this study were not equal contributors, the range of contribution being from 4 to 27%, as shown in the last row of Table 1 , with Ho 01-564 contributing the least and Ho 94-856 contributing the most, based on the number of progeny produced with their apparent involvement. Not surprisingly, sex (or pollen) ratings given to these clones were consistent with their relative pollen contributions.
Field Results
Percent winter survival and overall performance of the polycross families were visually rated and compared with the level of selfi ng. Four polycrosses, namely, Poly 01-520, Poly 01-564, Poly 02-610, and Poly 94-856 had a selfi ng frequency ≤13%. The winter survival percentages of their progeny ranged from 96 to 99%, and visual ratings ranged from 4.0 to 5.5. The other three polycrosses, that is, Poly 96-540, Poly 99-226, and Poly 99-233, had a 33 to 45% selfi ng frequency; only 81 to 87% of their progeny survived the winter. The coeffi cient of determination (R 2 ) between estimated frequency of selfi ng and seedling survival through the winter was 0.80 (P < 0.05, n = 7), indicating that 80% of the variation in seedling winter survival could be explained by the proportion of progeny within each polycross family produced from self-fertilization. The extent of selfi ng had a signifi cant adverse eff ect on winter survival (Table 2) .
DISCUSSION
This is the fi rst report on SSR marker-based paternity analysis in sugarcane. Progeny from a seven-parent polycross along with the parents were genotyped with seven polymorphic SSR markers using a high-throughput CEbased methodology. Our results demonstrated that by combining conventional polycross breeding with SSR marker-based paternity identifi cation, 42 cross combinations could be made with only seven tassels and with a minimal loss of pedigree information.
In this study, 87 progeny from each polycross family were genotyped for the 51 polymorphic alleles used. Most behaved as single-dose alleles, meaning that the probability of their presence or absence more closely approached a 50:50 ratio than ratios that would have been expected had they not been single-dose alleles (Wu et al., 1992) . For example, alleles 336-142, 336-166, and 336-167 were present in approximately half of the polycross progeny from HoCP 02-610, HoCP 96-540, and L 99-233 (Table  3) . In order for hybrid progeny to be misclassifi ed as selfs, they would have had at least six alleles simultaneously missing. The likelihood that a hybrid progeny would inherit only maternal markers with six paternal (nonmaternal) single-dose alleles available (thus destined to be misclassifi ed as a selfed progeny) would be the reciprocal of 2 6 or 1/64. Those progeny that possessed nonmaternal, parent-specifi c alleles(s) that could only have been conferred by one of the six possible male parents were scored as hybrids tracing to the known maternal parent and the paternal parent that possessed the parent-specifi c alleles(s). The greater challenge, then, was to determine the paternity of the remaining clones that did not fall into any of the above mentioned categories. The paternities of most of the remaining clones were not diffi cult to positively determine through the process of elimination. When there was only one genetic combination that could explain the peaks that were present, it was assumed that those were the parents that were involved. Whenever it was impossible to distinguish between two or more males as the positive paternal parent, we did not predict the more likely parent.
One of the reasons accounting for these diff erent levels of paternity identifi cation was the number of markers present in the maternal parent. In the above case, Ho 94-856 had 30 markers, whereas L 99-226 had only 20 markers. In general, the greater the number of markers in a maternal parent, the lower the ability to determine paternity. Table 3 . Distribution of 57 alleles among seven elite parents and their frequency in the progeny. In the upper parent section, the genotyping data are shown for the parents (presence of an allele coded by "1"). In the lower progeny section, the number of progeny out of 87 tested possessing the same allele is shown by polycross family. Monomorphic SSR alleles are highlighted in italic. Initially, we attempted to determine paternity with only two microsatellite markers (SMC336BS and SMC597CS) and 18 alleles due to cost considerations. With just these two markers, we could only confi dently determine the male parent in 49% of the polycross progeny. To increase resolution in determining the paternity of high value progeny, fi ve more markers (SMC334BS, mSSCIR66, SMC1604SA, SMC278CS, and SMC31CUQ) were added. The addition of these markers increased the positive identifi cation of the paternal parent from 49 to 91%. Undoubtedly we could have determined the paternity of even more progeny had additional markers been used. This, however, would have further increased the cost of paternity analysis as well. Therefore, depending on the application, breeders will need to balance desired outcome and cost.
As is generally the case with naturally outcrossing species, selfed sugarcane progeny tend to be inferior to hybrid progeny. It has been the experience in both Louisiana breeding programs (Louisiana State University and USDA-ARS) that seedlings originating from crosses where the frequency of selfi ng is suspected to be high, often exhibit below-average winter survival frequencies and tend to receive mediocre family ratings in the year of selection. We were interested in observing whether the assessed level of selfi ng in the seven polycross families represented in this experiment had an eff ect on winter survival and polycross ratings. As seen in Table 2 , while sample size was small, the data we collected indicate that the level of selfi ng based on marker data had a signifi cant adverse eff ect on the percent of progeny that survived the winter.
In conclusion, seven highly polymorphic SSR markers were used in this study to Genotype 87 progeny of each family derived from a seven-parent polycross. Fifteen of the 51 total polymorphic SSR alleles were parentspecifi c. These parent-specifi c alleles enabled the positive identifi cation of the paternity for 79 to 99% of the progeny, depending on the maternal parent. In addition, the relative mean pollen contribution from each parent to the progeny was not equal, ranging from 4 to 27%. Ideally, each of the clones in a polycross will be an equal pollen contributor. Of course this would only rarely happen in any polycross situation, regardless of the crop involved.
This study demonstrated that a molecular approach to identify paternity among polycross progeny could be used in sugarcane breeding to maximize the number of desirable crosses with minimal loss of pedigree information. It would also be applicable to identify proven parents for use in subsequent years.
